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SUMMARY

The effect on base pressme of bleeding air to the semidead-air
region at the trailtig edge of two-dimensional blunt-trai~ng-edge air-
foils has been investigated at Mach numbers of 1.5 =d 2.0. V=iable
base bleed was protided from an external ati mpply. The variation of
base pressure tith base-bleed rate was determined for two airfoil pro-
files with both lminar and turbtient boundary layers approaching the
trailing edge. The effects of var~ the cross-sectional =ea md
location of the base-bleed nozzles were also investigated. It was found
that the maximm reduction in base drag was obtained when the total
pressure of the bleed air was 75 to 90 percent of the ambient static
pressure. Reductions in base drag of the order of n percent were
measured.

INTRODUCTION

It has been shown that at s~ersonic speeds a properly designed
blunt-trailing-edge airfoil can have less drag and a greater Hft-curve
slope th~ a sharp-trailtig-edge airfoil hating the same stren@h or
stiffness. (See refs. 1 and 2.) When such an airfoil is submerged in
a supersonic stre=, a semidead-~r region is created at the trailing
edge, and the pressure in this region is gener~y lower than the ambient
static pressure. The pressure hag of the surface wetted by this
semided-ati region is c-only referred to as “base dr~.” This base
drag, in an extreme case, cm accomt for as much as 80 percent of the
total drag of a blunt-trailing-edge airfoil. If the base drag could be
decreased-by increasing the base pressure, the
trailing-edge atifoil would be more pronounced
wider Mach number r=ge.

superiority of a blunt-
~d would extend over a

.
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In reference 3, Cortright and Schroeder present the results of a

preliminary study of a technique to reduce the base drag of blunt-base
bodies of revolution which they call base bleed. Relatively sma~ amounts P

of air were a~owed to bleed into the semidead-air region at the base of
the bodies. Base-drag reductions as high as 32 percent md total drag
reductions as hi@ as 7 percent were measured although no great effort
was made to optimize the geometry of the ducts and nozzles employed.

The present investigation was undertaken to determine the effective-
ness of the base-bleed technique when applied to blunt-trailing-edge
airfoils. The objectives of the tivestigation were to determine how ba6e
pressure varied tith bleed rate and how this relationship was influenced
by Jet geometry, airfoil profile, the type of boundary layer approachtig
the trailing edge, Reynolds nmber, and agle of attack. This information
would allow m evaluation of the use~ess of the base-bleed technique
=d provide the basis for the preliminary design of practical base-bleed
installations for airfoils.
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TEST ~HODS

3

Wind Tunnel

The experimental investigation was conducted in the Ames 1- by
3-foot supersonic -d tunnel No. 1. This wind twel isof the closed-
circuit, continuous-operation type -d is equipped tith a flexible-plate
nozzle that provides a variatim of Mach numbers from 1.2 to 2.2. The
total. pressure ti the tunnel can be v=ied to provide Reynolds numbers
from 0.8 to 6.8 million per foot of model l-h. The water content of
the air 3s maintained at less than 0.0003 pored of water per pound of
dry air; consequently, the effect of humidi~ on the flow is negligible.

s

*

The airfoil. models
two~ension~ channel

Two-Dimensional C-cl

employed h this investigation were tested in a
as shown in fi~e 1. The channel consisted

essentially of two vertical flat plate= between which airfoil models
could be mounted horizont~. The plates were suspended in the test
sectiion of the wind tunnel h such a manner that the boundary layer on
each side wall of the tunnel passed between the plate md the tmel
- . The models were mounted between turntables in the plates so that
the angle of attack cotid be varied. Optical glass windows were provided
h these turntables =d in the wind-tunnel was. The struts supporting
the vertical plates were so =r~ed that the disturbmces created by
them did not pass through the fidd of vision of the windows. However,
the bleed-air supply line passed through the bounky-kyer passage on
the south side of the -el directly upstream of the window axis. The

* me from this smly lhe would interfere tith the normal use of a
schlieren appmatus. Therefore, the optic- *SS window in the turn-
table through which the supply line passed was repkced with a ground

* glass window. men, when the p=allel light beam from the schlieren
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light source passed thro@ the test section from the north side, a
shadowgraph image of the flow around the base of the a~rfofl mdel
appeared on the ground glass.

?
This mge could be photographed from the

south side of the tunnel tithout distortion by the wake from the air
supply line.

Models

Two 10-percent-thick airfoil models having chord lengths of 6 inches
were employed in t~s investigation. One model had a span of 6 inches and
a trailing-edge thickness equal to the maximum thichess. This model,
hereafter referred to as the “full-blunt” airfoil, is shown in figure
2(a) . The other model had a span of k inches md a trailing-edge thfck-
ness equal to one-half the maximw thickness. This model is referred to
as the “half-blunt” airfofl =d is shown in figure 2(b). Both models
were constructed from steel and were made hollow to provide a plenum
chamber for the bleed air. Air ducts, made integral with the airfoil,
extended through the vertic~ plate at one end of the models and connected
with the bleed-air supply line at the wind--cl wall.

The airfoil models were made with interchgeable brass blocks at
the trailing edge, as shown b fi~e 2. These blocks contained the
base-bleed nozzles =d the orifices for measuring the base pressure and
the static pressue at the throat of the nozzles. Thin-wall stainless-
steel tubing was connected to the presswe measuring orifices and passed
throu@ the plenum chamber and the air supply ltie to the outside of the %
tunnel.

Because of the small scale of the tests, it was nesess~ to employ b
a boundary-layer trip to obtain extensive runs of turb~ent boun~y
layer. For t~s purpose, a wire tith a dimeter of 0.006 inch was
stretched across the upper -d lower smfaces of the airfoil models,
approximately 3/4 inch from the leading edge.

Procedme

Dry air for the base-bleed system was taken from the storage tank
of the wind-tunnel make-up air system. This air was passed through a
pressure regulator that enabled the operator to select and then hold a
constant plenw-chsmber presswe. The variation of base pressure with
chamber pressure was measured with a multiple-tube Hometer with m
atmospheric am. With the models removed from the wind tunnel, the b
pressure at the position normally occupied by the trailing edge of the
airfoils was measured to determine the tunnel-empty static pressure
relative to the total pressure of the air stresm. All the base-pressure b
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and chmber-pressure measurements we expressed in terms of this tunnel-
empty static pressure.

The base pressure and the jet static pressure were measured at
various locations, as shm in fi~e 2. The plenum-ctiber pressure was
measured at two spanwise stations. By compwison of the measurements at
the various stations, it was possible to determine if the flow through
the nozzles were uniform across the SP= of the airfoil and if the
press~e were uniform over the base.

The full-blunt airfoil =d its nozzle blocks were constructed and
tested first at nominal Mach nmbers of 1.5 and 2.0. It soon became
evident that the largest nozzles gave the ~eatest increase in base
pressure. In ‘an effort to determine if there were an upper limit to this
trend, the area of the nozzle was pro~essively increased. When the
ratio of jet area to base area exceeded approximately 0.25, however, the
air-supply duct was no longer large enough in relation to the size of the
nozzle to provide uniform flow fhrou@ the nozzle across the span of the
model. The half-blunt airfoil was then designed md cons.tiucted to
remedy this situation. As shown in fi~e 2, the base of the half-blunt
airfoii was one-third as l=ge as the base of the fti-blunt airfoil,
while the size of the air-supyly duct was appro-tely the same in both
cases.

The half-blunt airfoil was tested with the nozzle blocks having the
Wger Jet areas at a nominal Mach number of 2.0. This airfoil was
tested with md without the boundary-layer trip wire. The effects of
Reynolds number and mgle of attack were -so investigated with this
airfoil.

The results of the investigation of the variation of base presme
with base-bleed rate are presented h figures 3 through 7. Since the
base pressure was always essentially uniform across the base of the air-
foil from top to bottom and was usua~y uniform in a spanwise direction,
the individual base-pressure measurements have been averaged. The ratio
of the average base pressure to free-stream static pressure ~b/p= i s
plotted against the ratio of the plenw-chsmber pressure to the free-
stream static pressme pc/p=. Since the rate of flow of bleed air is
a function of the difference between the plenum-chamber pressure and the
base pressme, the -her-pressure ratio is probably not the best
independent variable that could be used. The data me presented in this
form, however, because such a plot gives a direct indication of the
optimum pressure level required at the sowce of the bleed air and thereby
aids in selecting the best air source for a particular application of the
base-bleed technique. The lowest value of the chaber-pressure ratio
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presented corresponds to no flow through the base-bleed nozzles and is
referred to as the initial base pressure. The data potits corresponding
to subsonic flow through the nozzles across the entire span are indicated
by fined symbols on all the figures.

Effects of Jet Geometry

The first phase of the investigation was concerned ~th the
variatim of base pressure with plenum-chamber pressure for wious
nozzle cotiigurations with approx~tely the sae total jet area.
Figure 3(a) presents the results obtained with the f~-blunt airfoil at
a ~ch number of 1.5. The boundary layer was turbulent and the ratio of
the area of the Jets to the aea of the base of the airfoil was approxi-
mately 5 percent. The results obtained with the half-blunt wing at a
Mach number of 2.0 and an area ratio of %) percent are shown in figure
3(b) for a turbulent boundary layer and in fi~e 3(c) for a laminar
boundary layer. The geometry of the various nozzle blocks employed is
shown in the figures. In all cases, the base pressure increased as the
chamber pressure was increased until a maximum or peak base pressme was
reached. This peak pressure occurred when the chamber-pressure ratio
was between 0.75 and 0.95. Beyond Lhis petit, the base pressure, in
general, decreased with further increases in chsmber pressure, but the
various nozzle blocks exhibited widely varying behavior. However, this
portion of the curve is of little interest here since the success of the
base-bleed technique depends on realizing worthwhl.le drag reductions with
the relatively sma~ quantities of bleed air required to obtati the peak
base pressure.

Inspection of figure 3 shows that the peak pressure was generally
a little higher for the nozzle confi~ations that discharge air near the
upper and lower edges of the base than it was for the configurations with
the jet at the center of the base. The multiple-jet confi~ation shown
in figures 3(b) md 3(c) appears to be slightly superior to the others
tested in that the peak base pressme was at least as high as any, and
the curve was relatively flat in the vicinity of the peak. This latter
ch=acteristic would be desirable stice it would provide near-optimum
drag reduction without critical control of the chamber preswe. How-
ever, the double-jet configuration was selected for further investigation
because nozzle blocks of this general. gemetry were eimpler to construct
than the multiple-jet arrmgements. As shown h figure 2, the jets of
the double-jet nozzle blocks for the half-blunt airfoil extended au the
way to the upper and lower edges of the airfoil ba8e and formed a sharp
edge, while those for the full-blunt airfoil did not. It is not bown
whetier this difference fn detail has any effect on the restits.

.

.
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Effects of Jet Area

7

The effect of varying the cross-sectional sxea of the disch=ge jets
-S investigated with a series of nozzle blocks having two jets, one at
the upper edge of the base and one at the lower edge. The results me
presented h five 4. fi general, it can be seen that the plenw-
chsmber pressure required to obtain the peak base pressure is essenti~y
independent of the mea of the Jet. However, the magnitude of the peak
pressure increases as the sxea of the jet ticreases.

The data obtained tith the boundary-layer trip on the fti-blwt
airfoil at a Mach number of 1.5 are shm h fi~e 4(a). It can be seen
that a sudden decrease in base pressure occurred as the chamber-presswe
ratio was Increased beyond 1.0 for the nozzle blocks with jet-area ratios
of 2.7, 5.3, and 10.7 percent. ~spection of the shadowgraph pictures
and the Jet static-pressure measurements indicates that this sudden drop
in base pressure occurred when the bleed air attained sonic velocity in
the nozzle. For the nozzle block tith a jet-area ratio of 21.3 percent,
however, the decrease in base pressure beyond the peak -ue is much
more gr~ual. CQarison of the pressure measurements fr~ the three
spanwise stations for the different nozzle blocks revealed that for the
sm~er area ratios the flow through the nozzles was uniform across the
span of the model at al chamber pressures. For the nozzle block with
an =ea ratio of 21.3 percent, the flow was uniform only for chsmber
pressures below that corresponding to the peak base pressure. As the
tiber pressue was increased beyond this value, the flow beceme pro-
gressively more nonuniform and the air attained sonic velocity first at
the side of the mdel nearest the air supply line md then progressively
across the span. Ws nonuniformity of the air flow thro~ the nozzle
resulted in a spanwise variation of the base presswe, which was not
ne=ly so pronowced as was the spanwise variation in the jet static
pressure. The fact that the flow through the largest nozzle did not
attain sonic velocity uniformly probably accounts for the more gradud
drop in base pressure.

The data shown in figure k(b) were also obtained with the bound=y-
layer trip on the ~-blunt airfoil, but at a Mach number of 2.0. They
exhibit the same trends as those,in figure 4(a) except that there is no
sudden drop in base pressure for the nozzle block with a jet-=ea ratio
of 2.7 percent although the flow through the nozzle was sonic for
ch-ber-pressure ratios ~eater than 1.2. It can be seen that for all
of the nozzle blocks tested at this Mach number, the base pressure is
greater when the chamber-pressme ratio exceeds 1.2 than it is tith no
base bleed. This is in direct contrast to the situation at a Mach number
of 1.5 (see fig. k(a)). Evidently, the peak pressure for a jet-area

. ratio of 2.7 percent is of the same order of magnitude as the base pres-
sme with sonic flow through the nozzle and, hence, there was no sudden
drop in base pressure for this nozzle block..
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The results obtained with a boundary-layer trip on the half-blunt
.

airfoil at a Mach number of 2.0 are shorn in figure 4(c) and the results
obtained without the boundary-layer trip are shown in figure h(d). As r
was the case with the fun-blunt airfoil, the peak base presswe continued
to increase as the jet-area ratio was increased. However, the sudden drop
in base pressure beyond the peak value did not take place h spite of the
fact that, for the 25-percent jet-area ratio at least, the ratio of jet
area to supply line area was reasonably small. Inspection of the span-
tise pressure dietributione revealed that the flow through the nozzle
was essentially uniform across the span of the model for W three nozzle
blocks when the chamber-pressure ratio was less than O.gO. As the
chsmber-pressme ratio was increased beyond O.~, the flow became slightl~
nonuniform =d the jets attained sonic velocity progressively across the
span. As the chamber-pressure ratio was increased beyond 2.0, the flow
through the nozzles of the 25- and 50-percent-area-ratio blocks becme
essentially uniform again. The flow through the 75-percent-area-ratfo
block remained sli@tly nonuniform at au values of chamber-pressure
ratio above 0.90. The otiy essential difference between the results for
ltinar ud turbtient boundary layers was that the initl~ base pressure
with no base bleed was slightly higher when the boundary layer was
laminar.

Effect of Base Bleed on the Flow in the Wake

Two typical sets of she.dowgraph pictures of the wake behind the
half-blunt airfoil with base bleed are shown in figures 5 ~d 6. These
pictures were obtained at a free-stream Mach number of 2.0, a Reynolds

●

number of 3.1 million, and with the boundmy-layer trip wire. FiWe 5
shows the wake with a single base-bleed jet located mid~y between the
upper ~d lower edges of the base. Figure 6 shows the wake with two base-

.

bleed jets that discharge air at the upper md lower edges of the base.
In both cases the jet area is 50 percent of the base area. The miation
of average base pressure with plenm-chamber pressme for the configura-
tions in question is also shown in fi~es 5 and 6. The letter at each
data pofit identifies the shadowgraph picture taken at that point.

With no base bleed, a semidead-air region is created at the trailing
edge of the wing. The boun~ies of this region ~e visible in the
shadowgraph pictures. Along these boundaries a mixing process takes
place that acts essentially like a pump. This mixing process reduces the
pressure in the de--air region until the pumping capacity of the process
is reached. Bleeding additional low-velocity air to this region from the
base of the tig increases the demands on the p~ing capacity of the
tixtig process and, for a given base-bleed rate, the system attains
equilibrium at a higher pressure level than it does without base bleed.
Thus, as the chamber pressure is increased, the flow rate of the bleed
air is -increased md, therefore, the base pressure is increased. As C m .
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be seen in the shadow~aph pictures, the increase in base pressure
decreases the convergence of the wake and causes the trail= shock wave.
to decrease in intensity. This trend continues as long as the velocity
at which the bleed air enters the semide~-ati region is subsonic.

As the chamber pressure is increased further. and the air flowing
through the nozzle approaches sonic velocity, the base pressure reaches
a maximm and then begins to decrease. Two different types of behavior
were observed for this decrease in base pressure, as Uustrated in
figure 7. For the sm~er nozzles, a sudden, almost disconttiuous hop
in base pressure occurred, as shown in figure 7(a). For the l~ger
nozzles, the base pressure decreased gradually as shown in figure 7(b).
In addition to the base pressure, the miation of the average static
pressure at the throat of the nozzle PJ is also shown in figure 7.
When the ratio Pj/Pc decreases to 0.528, sonic flow is established in
the throat and, theoretically, this ratio remains constant for further
increases in chamber pressure. It is app=ent from the data presented
in figure 7 that the decrease in base pressure is associated with the
establishment of sonic flow ti the nozzles. When the sudden drop in
base pressme was observed, pj was always uniform across the sw of
the airfoil. When the grad- decrease was observed, p~ as measured
on the side of the atifoil neti to the air supply line reached the
critical value at a lower chamber pressure than did p3 as measured at
the opposite side of the airfoil. h ~ the figures, the filled symbols
indicate data that were obtained with subsonic flow across the entire
spa ●

●

As the chamber pressure was increased sti~ further, the air issutig
from the nozzle expanded to supersonic speeds in a free Jet. Eventually,

. the closed parts of the base =e bounded on both sides by supersonic
streams. For the data shown ti figure 5, this type of flow existed at
chsmber-pressure ratios greater than appro~tely 2.2, but it is not
clear just where it st=ted in figure 6. W this rmge, the base pressure
cm evidently increase or decrease with further increase in chsmber
pressure, depending on the height of the closed part of the base and the
geometry of the base-bleed nozzles.

Effect of Angle of Attack

Several of the configurations were test- at angles of attack of 50
and 10° in addition to the tests at OO. Typical restits are shown h
figure 8. It can be seen that changes in angle of attack of the order
of 5° have very Httle effect on the variation of base pressure with.
chamber press&e. The data obtained at 10° an~e of attack, however,
show a lower base pressure at any given chamber-pressure “ratio below 2.0.

.
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However, the change in base presswe due to base bleed appe=s to be
essenti~ independent o? sngl.e of attack.

Effect of Reynolds Number

The effect of Reynolds number on the variation of base pressure with
ch&nber pressure was investigated for several of the nozzle-block con-
figurations. When transition to ttibulent flow in the boundary layer -s
fixed with the trip wire, varying Remolds numbers from 2.3 to 3.4 million
had a negligible effect on the Variatim of base pressure with chamber

-.

pressure. Under these conditions the initial base pressure without b-e
bleed was also independent of Reynolds number, as would be expected from
previous investigations.

Typical res~ts obtained without the boundary-layer trip wire are
shown in figure 9. With no base bleed, the base pressure decreased with
increasing Remolds number which is -so in agreement with previous
investigations for lsmin= boudary-layer flow. In contrast to the
effect of angle of attack, however, for a given chamber pressure, the base
pressure was essentially independent of Remolds number even though the
initial base pressure varied with Reynolds number. Furthermore, the base
pressure corresponding to a given chsmber pressue appears to be inde-
pendent of whether the boundary layer approaching the trailing edge is
~inar or turbulent as long as the flow through the jet is subsonic.
For example$ the boudary layer appeared to be turbulent in the shaduw-
graph pictures correspmding to the data shown in fi~e 9 for a
Reynolds number of 3.k3 million md, also, these data agree with those
obtained with the boundary-layer trip.

Correlation of the Results With Mass-Flow Rate
of the Bleed Air

Figure 10 presents m attempt to correlate all of the results
obtained with the double-jet nozzle blocks. The change in base-pressure
ratio due to base bleed is plotted against the ratio of the mass-flow
rate of the bleed air to the free-stream mass-flow rate through an area
equal to the area of the airfoil base. The mass-flow rate of the bleed
air was determined by measuring the plenum-chamber pressure and the
static pressure at the point of minimum cross-sectional area of the
base-bleed nozzles. No tiowance was tie in the resulttig calculations
for the boundary layer in the nozzles =d the accuracy of the resulting
mass-flow rate is known to be poor.

Inspection of figure 10 reveals that a crude correlation exists if
only the data points corresponding to subsonic flow through the nozzles

.

D

.
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(indicated by fi~ed symbols) are considered. The results obtained with
different Jet-area ratios correlate only very rou~y for e=h of the
test conditions i~ustrated. Comparison of fi~es 10(b) and 1O(C)
indicates that the correlation approbate~ accounts for variations in
the ratio of the trailing-edge thickness to the -tire thickness of the
-g . However, comparison of figures 10(a) and 10(b) indicates that the
data obtained at a Mach ntier of 2.(J do not fo~ow exactzy the same
trend as those obtained at a Mach n~er of 1.5 md, hence, the correla-
tion may be even less satisfactory for a wider range of Mach nwbers.
Comparison of figures 1O(C) and 10(d) reve~s that the correlation is
-so relatively poor when both Mnar md twbulent boundary layers we
considered. Since it has been shown earlier that the change b base
pressure due to base bleed is independent of Reyuolds number when the
boundary layer is tmbfint but depends on Reynolds number when the
boundary layer is -inar, it cannot be expected that the results
obtained at any arbitrary Reynolds nmber with lamin= bound=y layers
would correlate with results obtained with turbtient boun~y layers.

In summary, it appesxs that the change in base pressure due to base
bleed is primarily a function of and increases with the mass-flow ratio
mj /m= when the velocity of base-bleed jets is subsonic. The kger the
jet-area ratio, the higher the mass-flw ratio can be before the base-
bleed jets attain sonic velocity. When the bound=y layer approaching
the trailin~ etie of the wing is turbulent, Reynolds number has -y a. .
secondary effect on the ch~e in base
Mach number has essentially no effect.
l-in=, both Mad naber -d Reynolds

.

Effect of Base Bleed m-.
. Trailing-Edge

From the data presented in figure

pressure due to base bleed, and
When the bound=y layer is
number have secondary effects.

the Drag of Blut-
Airfoils

4, it is apparent that the base-
bleed technique aff-wds considerable red~ction in the base drag of
blunt-trailing-edge airfoils. The ~um reductions h base drag
obtatied with the U-blunt airfoil with turbulent boundary layers at
a Mach number of 2 (see fig. 4(”c)) are s~ized below. The center
colm presents the ratio of the wtium change b base drag (corresponds
to the peak base pressure) to the base drag without base bleed. The
right-hand colwm presents the ratio of the -imum change in base drag
to the total drag of the wing without base bleed.~

%he total drag- determtiedby~ the theoretical wave dr~ (frm
. shock-eqs~on theory), the measured base drag, and an addltio-

increment of drag coefficient of 0.0055 to account for turbulent skin
friction.

.
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I&rcent I percent I percent I

From consideration of the base drag alone, the optimw jet-area ratio
appears to be 1.0.

Unfortunately, the reduction h base drag resulting from base bleed
is at least WtiWy counteracted by the additional drag of the inlets
and ducts required to entrain the bleed air. The usefulness of the base-
bleed technique is dependent on the air inductim drag betig significantly
less thm the reduction h base drag. Since any reducti~ in the momentum
of the base-bleed air between the inlet and the base of the airfofl wi~
appear as an increase in total drag, it is evident that tie inlet should
be located h a region where the entering air has a relatively low
moment~ and the pressure is approximately ambient. In an attempt to
arive at a reasmable estimate for the air-tiduction drag, calculations
have been made for a s@le two-dimensional scoop that takes h low-
energy bomdary-layer air at the ~-percent-chord stati~ of the half-
blunt airfoil. The height of the scoop was djusted to pass the
desired mass-flow rate, assuming a turbulent boundary-layer profile.
Sketches of the configuration considered, the details of the calculations,
and the ass~tions involved are contafned in the Appendix. W brief,
the reduction h total drag was calculated for varytig mass-flow ratio
through eati of the double-jet nozzle blocks ad with two different
assumptions concerntig the pressure acting on the back of the scoop.
First, it was assumed that the flow separated from the back of the
scoop and that the pressure in the separated region was equal to the
base pressure without base bleed. Then it was assumed that the presswe
over the back of the scoop was equal to the ambient static pressure.
These two asswptions simulated approximately the m=imum and rein=
drag, respectively, that could result from the additi~ of the scoop
to the basic airfoil profile. The muimw total
corresponding scoop height as indicated by these
of the nozzle blocks =e tabtiated below.

drag reduction and the
c=c@tions for each
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I ~ bo
acting on back of scoop I Pm acttig on back of scoop

~
Ab h i

( )

A d A Cd hi

( )

A d A Cd

g opt ~ —

b. ‘d. ~ opt — —
Cd bo

Cd o

percent percent percent perc~t percent percent percent

25 8.4 -14 -4.5 9.0 -23 -7.2
6.3 -11 -3.6 8.1 -19 -6.0

z 5.1 -7.3 -2.3 7.4 -13 -4.2

These values do not correspond to the peak base pressure. The
maximw reduction in total drag occurs at a lower mass-flow rate thm
that required for the =imum retiction in base drag. It can tiso be
seen that the optimum scoop height decreases tith ticreasing jet sxea.
This is to be expected, since the closed area of the base decreaaes as
the jet area increases md, hence, a given increase h base pressure
corresponds to a suer -d s-er reduction in drag. Furthermore,
since both the air-induction drag =d the change in base drag must go
to zero as the mea ratio goes to zero, there must be an opt- area
ratio somewhere below A-~/Ab = O.w for this inlet confi~ation and
airfoil profile. For mo;e efficient air-induction systems, the optimum
jet area ratio wodd be larger.

To realize more worthwhile reductions in total bag, careful con-
sideration must be given to the desig of the air-induction system for
each individual application. It would be desirable to utilize surplus
air from some other system on the aficraft ~d thereby reduce the air
induction drag chargeable to the bleed system to practically zero. For
example, it might be practical to provide ducts from the boundary-layer
removal slots of the engine ifiet system to the plenum chamber of the
base-bleed system. Another possibility would be to combine the base-
bleed and boundary-layer-control techniques by utilizing the low pressure
region at the base of a blunt-trailin$-edge airfoil as a pump for
boundary-layer suction on the surface of the wing.

CONCLUSIONS

Results obtained for a full-blunt and a half-blunt airfoil at Mach
. nmbers of 1.5 and 2.0 indicate the fo~owing:
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.
1. The base dr% of blunt-trailfig-edge airfoils can be reduced

considerably (order of 50 percent) by bleeding relatively small qutities
of air to the semidead-air region at the trailing edge of the atifoil. ●

2 . The conditions for

(a) The bleed air
at subsonic velocity.

maximum base-drag reduction are:

should exhaust into the semidead-air region

(b) The total pressme of.the bleed air (plenm-chsmber
pressure) should be between 75 =d 95 percent of the ambient static
pressure.

(c) Although the effects of jet geometry and location were
relatively small, jets located near the upper aud lower edges of the
base of the blunt-trailing-edge airfoil gave slightly better results
t~ the other configurations tested.

(d) The mass-flow rate of the bleed air and, hence, the area
of the jets should be as l=ge as possiblej consistent with requirements
(a) ad(b).

The reduction in base drag is counteracted by the hag of the air-
induction system and these induction losses must be held to a mtiimum
if worthwhile reductions in over-all drag are to be realized. General
conclusions coucer~ng tide conditions for maximum reduction in total
drag cannot be made without considering the design of the air-induction
system.

Ames Aeronautical Laboratory
National. Adtisory C-ittee for Aeronautics

Moffett Field, Cdif., Jan. 7, 1954
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REDUCTION ~ ~ DRAG D~ ~ BASE B=

The effectiveness of base bleed cmot be evaluated by considering
only the reduction in base drag. The bleed air must be taken from the
air strem and delivered to the base of the blunt-trailing-edge airfoil.
Any change in the profile of the airfoil to accommodate an air inlet may
result in a drag increase, -d any reductim in the momentm of the bleed
air between the inlet and the base of the airfoil will ~so increase the
~er-a~ drag. ~us, if Ad is the change in the total section drag
due to base bleed, then

‘ d = A c  + A c + Cdi

‘b %

where

‘ db

change in base drag due to base bleed

‘% change in foretiag due to the addition of an air inlet

Cdi intern- drag resulting from momenta losses of the bleed air

. It is assumed that the airfoil profile without base bleed is as
shown in sketch (a) and the profile with base bleed is as shown in
sketch (b).

.
h~

L
B *

~ - 7

Sketch (b)
.
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Then the change in base drag, taking into account the change h
base area, is given by

(??b -
Pm) (hb - hj) + (Pbo 

- %) %
~ db  

=  -

qc qc

(A2)

To evaluate the change h foredrag, assumptions must be made concerning
the air flow into md over the scoop. For simplicity, it is assmed that
the height of the scoop is adjusted so that the mass-flow rate of the
stre- tube, bound by the surface of the airfofl and the streamline which
coincides tith the lip of tk scoop, is equal to the mass-flow rate that
the base-bleed nozzle will. pass. In addition, it is assumed that the
flow separates from the back of the scoop and that the pressure acting
on the surface A-B is equal to the base pressure without base bleed,
while the pressure acting on the surface from B to the trailing edge is
unchanged by the addition of the scow. This is believed to be a highly
pesstiistic assumption md, hence, leads to a conservative estimate of
the totQ drag reduction. With these assumptions

(Pbo - Pm) hi

‘%=- q,

‘ - % ( 2 - ’ ) 2
(A3]

The iriternal drag di can be evaluated by applying the momentum

theorem on the dotted contour C shm h

~~j

sketch (c) .

Sketch (c)
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.
For two-dimensional, steady flow the momentum
as follows:

.

17

theorem may be expressed

1’PU Vn ds = ~i - f(, -q) cOs (n, x) ds (A4)

where

P mass density

u local velocity

in~et
and

exit

component in the x direction

Vn
velocity normal to the contour

P static pressure

Since Vn is zero along the interior of the duct and assuming that the
pressure is constant across the inlet =d exit, equation (A4) may be
mitten

J
hi

di = (Pi - Pm) hi -(PJ - P=) hj + p ~ d y ” -  P $ u j2  h j (A5)
o

Since the mass-flow.

.
and the free-stream

rate through the ~et is given by

m J = PJ Uj h J

mass-flow rate thro~ an =ea equal to the area of
the base of the airfoil is given by –

—

& = P = ~ h b

then equatim (A5) may be rewritten in terms of the internal drag
coefficient.

(A6)

Combining equations (Al), (A2), (A3), ad (A6), the equation for
the change h total dr% is obtained.

.
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)1‘b. hi
K F -

(A7)

Before equation (A7) cm be applied to the e~erimental results,
it is necess=-y to de&rmine the height of the met hi ~d to evaluate
the integral term as functions of the mass-now ratio mj /~. Since the
mass-flow rate of the base-bleed jet must be equal to the mass flow
through the Wet, the following equatim can be written

(M)

In terms of the bo~dary-layer thicbess 5 at the inlet, equation (A8)
becomes

when hi > 6.

For a thti Airfoil section at zero

+(2 - 1)1 (A9}

angle of attack, the Mach nwber
of the flow just outside the boundary layer at the ~-percent-chord
station would be close to the free-stre= Mach n~er &. For the
p.~pose of these calculations, it was as-cd that the Mach number ad
velocity outside the boundary layer at this point were the same as h
the undisturbed strem. In addition, ft was assumed that the boundary
layer at this station was turbulent md that the velocity profile”was ‘
@ven by

1/7
u— =
h ()

g

~

.

.

.

.

.
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Finally, it was assumed that the Prandtl number was unity md, therefore,

.

P— .
Pm

1 + F~2i’-(eJl
Substituting these relatims into equation (A9) and fitegrating

gives the fo~owing results:
hi

when — < 1

~ - ; ; { ( ? r  ‘ o ’ ~l + b,  <% 7, ] - ( Y Y  ( : Y ’7  -%

where b =

(Ale)
7 - 1  ~m 2

2

With these same assumptions the titegral term of equation (A7) may be
expressed as follows:

h i <lwhen —
a
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The mass -flow rat~o m~/~ -s determined

boundary-layer thickness 8 at the inlet was c~culated by the methcd
of reference 4. With these values, the height of the inlet hi was
determtied from equation (AIO] for each e~eriment~ point. Equations
(A7) =d (All) =d the corresponding e~erimentd data were then employed
to determine the reduction in total drag for that patictiar set of test
conditions. An additional group of calculations were made assuming that
the pressure acting on the back of the scoop was equal to the ambient
static pressure. With this ass~tion, the change h foredrag AU

as given by equation (A3) was zero and equation (A7) was changed “
accordin@y.

.

.
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A-lS802

Fi~e l.- The half -blwt airfoil model inst~ed in the
two-d~sional ~el.
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Forallconfigurntions theeffictive bose
a~o Abkossumedt ibe 5 .000 inches by

Q600 inches. & i % + f i

h j= D 0 8  A I / A P 2 . 6 7 %
D 1 6 5 . 3 3
0 3 2 10.67
0 6 4 21.33

~ - e s~ a  “ “> B L ; >

measuring
A j/ ~ =  4 . 8 5 % Aj/Ab* 5.33% orifices

V g

,

(a) The fu.U-bluntatifoil.

Figure 2.- W airfoil mdels md baee blocks UEed h the investigation.

, c
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Rr all confiaumtions the effective base ! ,

\ \

I I - n ; I 1 1

area A b is assumed to be 3374 inches by

N
300 inches.

~ ,  : ; : ~ ]

!
h ] ~ . 0 3 7 5  A / &  = . 2 5 0

. 0 7 5 0 . 5 0 0

. f 1 2 5 . 7 5 0

A~/Ab= .500

(b) The half -blunt alri’oil.

Figure 2.- Concluded.
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(a) Full-blunt wing, turbtient bouudary layer, M = 1.5, R = 2.7x106.

(b) Half-blunt wing, turbulent boundary layer, M = 2.0, R = 3.1x10s.

.&
o # .8 L2 / 6 20 24 28 32 36

(c) Half -blunt wing, . lminar boundary layer, M = 2.0, R = 1.2x108.

Figure 3.- Effect of jet geometry on the variation of_base pressure
with chmber pressure.

.
.-

.
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(b) Full-blunt ~, turbulent boun~y layer, M = 2.0, R = 2 .7x10e.

Figure 4.- Effect of jet area on the wiatim of base pressure with
cbber pressure.
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o 4 .8 / 2 / 6 2.0 24 28 3.2 3.6
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(c) Mf-blunt wtig, turbulent boundary layer, M = 2.0, R = 3.1x108.

. ..-
.

- .—.

●

.

(d) ~f-blunt wing, laJ.uinar bounday layer, M = 2.0, R = 1.2x10°.

Figure 4.- Concluded.
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Fi~e 5.- Shadowgraph pictures of the wake behind the half-blunt wing
with a single jet nozzle. Turbulent bound~y layer, M = 2.0,
R = 3.lxl&.

~
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Figure 6.- Shadowgraph pictures of the wake behind the half-blunt wing
with a double jet nozzle. Turbulent boundary layer, M = 2.0,
R = 3.1x10e.

.

.

.

.
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(a) Full-blunt wing, turbtient boundary layer, M = 1. 5X10S, R = 2 .7~Oe.

(b) Half-blunt wing, tmbtient boundary layer, M = 2.0, R = 3 .N106.

Fi~e 7.- Exaurples of the two t~es .of results associated with sonic
flow through the nozzles.
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.4 .8 ! 2 1.6 2 0 2.4 2 8 3.2 36

Figure 8.- Effect of angle of attack on the variation of baae presswe
with chamber pressme. Half-blunt wing, turbulent boundary layer,
M = 2.0, R = 3.1x10s.

o .2 .4 .6 .8 ./0 /.2 /.4 [ 6 1.8
~ / pm

F i~e 9 . - Effect of Reynolds number on the v=iation of base pressme
with chtiber pressme. Half-blunt Wing, M = 2.0.

.
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(a) FuU-blunt wing, turbulent boundmy layer, M = 1.5, R = 2 .7x10G.

(b) Full-blunt w=, turbulent boundary layer, M = 2.0, R = 2.7x10e.

(c) Half-blunt wing, turbflent bowdary layer, M =2.0, R = 3.1xIOs.

(d) Half -blunt tig, laminar boundary layer, M = 2.0, R = 1.2fiOs.

Figure 10.- The change in base pressure as a function of mass-flow rate
through the Jets.
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